Abstract: Mitochrondrial DNA analysis resolved many previously unanswered questions concerning the phylogeny of the lamprey genus Lampetra (comprising the subgenera Entosphenus, Lethenteron, and Lampetra). A total of 735 base pairs were sequenced from the cytochrome b and NADH dehydrogenase subunit 3 (ND3) genes in 11 lamprey species. With the exception of L . (E.) hubbsi from California, species of the Entosphenus subgenus formed a tight-knit clade that was very distinct from the other two subgenera. Lampetra hubbsi clustered with species of the Lampetra subgenus from the west coast of North America (L . ayresii and L . richardsoni) whereas species of the Lampetra subgenus from Atlantic drainages, namely the North American L . aepyptera and European L . fluviatilis, formed a third cluster. A fourth cluster included two species from the Lethenteron subgenus (L . japonica and L . appendix). Inclusion of published data from a third Lethenteron species, L . zanandreai, showed it to group with the L . (L .) fluviatilis lineage rather than with the other two Lethenteron species. Within each subgenus, members of paired and satellite species were closely related to one another (e.g., L . japonica and L . appendix) or were genetically indistinguishable (e.g., L . ayresii and L . richardsoni). Using rates of molecular evolution estimated in other fish taxa, these genetically indistinguishable species diverged less than 70 000 years ago.
Introduction
Lampreys are extant representatives of the ancient vertebrate group Agnatha and are one of the oldest groups of living fishes in the fossil record, about 300 million years old (Janvier and Lund 1983) . There are about 40 extant species of lampreys; four species described from the Southern Hemisphere have been placed in the families Geotriidae and Mordaciidae, while the remaining species inhabit the Northern Hemisphere. The Northern Hemisphere lampreys belong to a single family, Petromyzonidae, and have been assigned to at least six genera (Hubbs and Potter 1971; Potter 1980 ). Lamprey taxonomy is problematic because, compared with bony vertebrates, there are relatively few taxon-distinctive morphological characters. Species identification and generic status have been largely based on adult dentition, as well as on differences in body proportions, number of myomeres, number and morphology of velar tentacles, and pigmentation (Hubbs and Potter 1971; Richards et al. 1982) .
Adult body size, life history type, and habitat are also commonly used to distinguish between closely related taxa. All lampreys spend the first years of life as blind larvae that burrow in the silt bottoms of rivers and streams and feed on microscopic organisms. Following metamorphosis, they may remain nontrophic (nonparasitic) in their natal stream and spawn and die within 6-9 months, or they may migrate to freshwater lakes or to seawater and become trophic (parasitic). In most lamprey genera, groups of two or more species exist in which the larvae are morphologically similar but the species adopt different life history types as adults. It is generally believed that these so-called "paired species" (Zanandrea 1959) or multiple "satellite species" (Vladykov and Kott 1979a) are very closely related, with the nonparasitic species having evolved from a parasitic ancestor (Zanandrea 1959) . Not all authorities, however, recognize life history type as a reliable indication of species differentiation (e.g., McPhail and Lindsey 1970) and consider paired or satellite species to be races or types of a single species. An objective of the current study was to determine the degree of molecular divergence between paired or satellite species.
A second objective was to use molecular data to test the evolutionary relationships among some higher lamprey taxa. A specific goal was to resolve the relationships among the 15 or more species currently assigned to the genus Lampetra (Potter 1980), which has controversial morphological characters (Table 1) . Potter (1980) named Entosphenus, Lethenteron, and Lampetra as subgenera within the genus Lampetra, whereas other authors (e.g., Vladykov and Kott 1979a) classified each as distinct genera and further recognized a division between the taxa by placing Entosphenus into a separate subfamily from Lampetra and Lethenteron. Taxonomic questions centre on the degenerate or intermediate characteristics of several so-called relict species, nonparasitic lampreys that occur at or near the extreme southern limits of distribution of the Northern Hemisphere lampreys (Hubbs and Potter 1971) . One such relict species is Lampetra (Entosphenus) hubbsi from California (Vladykov and Kott 1976a) , which appears to demonstrate an intergradation of characters among the three subgenera (Table 1) . Similarly, two other nonparasitic species, Lampetra (Lampetra) aepyptera and Lampetra (Lethenteron) zanandreai, possess ambiguous morphological characters (Table 1) . The current study examined the evolutionary relationships among the three subgenera of Lampetra and evaluated the relationships of the relict species L. hubbsi and L. aepyptera.
Given the inclusiveness and overlap of lamprey morphological characters, an independent molecular data set from mitochondrial DNA sequences is used to resolve these taxonomic issues. In this study, we sequenced the entire NADH dehydrogenase subunit 3 (ND3) gene and about one third of the cytochrome b gene from 11 species of lampreys of the genus Lampetra and compared the data with published cytochrome b sequences from two additional Lampetra species (Tagliavini et al. 1994) . Cytochrome b sequence has been used to resolve phylogenetic relationships in a variety of fish taxa (e.g., Cantatore et al. 1994) , and the ND3 gene, which appears to evolve somewhat faster than cytochrome b (Thomas and Beckenbach 1989; McVeigh and Davidson 1991) , may be useful in distinguishing among some of the more closely related paired and satellite species.
Materials and methods
Eleven lamprey species of the genus Lampetra were collected in Canada (British Columbia and Ontario), the United States (Oregon, California, and Tennessee), Germany, and Russia (Table 2) . Species identification was confirmed morphologically in adults; ammocoetes were used only where a single species was present or where adequate larval characteristics exist to distinguish between species (Richards et al. 1982) . DNA analysis was performed on two to four individuals per species or collection site. A single landlocked sea lamprey (Petromyzon marinus) from Ontario was collected for use as an outgroup, and cytochrome b and ND3 sequences were compared with those from an anadromous sea lamprey from New Hampshire . All samples were either frozen at -70°C or preserved in 95% ethanol.
In L. japonica, DNA was extracted from liver tissue by digesting overnight at 37°C with proteinase K in proteinase K buffer (10 mM Tris (pH 8.0), 10 mM EDTA, 1% SDS, 200 µg proteinase K/mL), cleaning with phenol-chloroform (1:1), and precipitating with NaOAc and isopropanol. In the other specimens, DNA was extracted from fin or tail clippings, which were digested for 1 h at 55°C with proteinase K and used as crude homogenates.
Polymerase chain reaction (PCR) amplification of 414 base pairs (bp) at the 5′ end of the cytochrome b gene used primers located in the tRNA-Glu and cytochrome b genes: GLUDG-L (5′-TGACTTGAARAACCAYCGTTG-3′) and CB2-H (5′-CCCTCA-GAATGATATTTGTCCTCA-3′), respectively (Palumbi 1996) . Since lampreys possess a large noncoding region between these two genes , the PCR product exceeded 1000 bp. Two internal primers (5′-CCATCCAACATCTCAGCWTGATGA-AA-3′ (L) from Palumbi (1996) and 5′-CAAGGCTAGTTCAGT-RTTAGC-3′ (H) designed from conserved regions of lamprey sequence) were used to amplify subsections of this larger fragment. The entire 351 bp of the lamprey ND3 gene were amplified with primers designed from conserved regions in the tRNA-Arg gene of other vertebrates (e.g., Thomas and Beckenbach 1989) and the tRNA-Gly gene of sea lamprey : 5′-ATGCGGATCCTTTTGAGCCGAAATCA-3′ and 5′-ACGTGAATT-CTATAGTTGGGTTCCAACCA-3′, respectively.
Each 50-µL reaction contained standard PCR buffer (10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.001% gelatin), 0.2 mM dNTP, 50 pmol of each primer, and 1.25 units of Taq DNA polymerase (Gibco BRL, Burlington, Ont.). The reactions were run in a Perkin Elmer thermocycler (Perkin Elmer Cetus, Norwalk, Conn.) for 30 cycles consisting of denaturation at 94°C for 1 min, primer annealing at 60°C for 1 min, and extension at 72°C for 2 min; the 30 cycles were preceded by an initial denaturation for 3 min at 94°C and followed by a final 10-min 72°C extension. Negative controls, which used distilled water instead of template DNA, were included in each series of reactions to screen for possible contamination.
The PCR products were sequenced using the Cyclist DNA Sequencing Kit (Stratagene, La Jolla, Calif.) or the Sequenase PCR Product Sequencing Kit (United States Biochemical, Cleveland, Ohio); the manufacturer's instructions were followed. Given the heteroplasmic nature of the noncoding insert located at the 5′ end of cytochrome b (M. Hubbs and Potter (1971); 7, Bailey (1980); 8, Vladykov and Kott (1976b) ; 9, Robins et al. (1980) ; 10, Vladykov and Kott (1976c); 11, Bianco (1986) .
a Mean or mode given. b Inner laterals equivalent to lateral circumorals. Kumar et al. (1993) , genetic distances were estimated with Kimura's (1980) two-parameter distances and phylogenetic relationships were inferred from the neighbour-joining (NJ) method; support of the data set for each branch point was tested by 500 bootstrap replications. For comparison, we also carried out the maximum parsimony procedure as implemented in MEGA (branch and bound method). Published cytochrome b sequences from two European species, L. (L). planeri and L. (Le.) zanandreai (Tagliavini et al. 1994) , were added to our data set, and the phylogenetic analyses above were repeated on the 267 bp of sequence (positions 118-384) common to all 13 species.
Results

Phylogenetic analysis
The portion of the cytochrome b gene sequenced had a 12-bp insert (positions 10-21) in lampreys relative to most teleosts (e.g., Cantatore et al. 1994 ), but there were no insertions or deletions among the lamprey species examined. The ND3 gene likewise showed no interspecific differences in length.
Intraspecific variation in the nucleotide sequence of both genes was relatively low in the current study. Cytochrome b and ND3 sequences were identical in eight Pacific lampreys (L. tridentata) from British Columbia and Oregon, and four L. richardsoni, L. lethophaga, and L. hubbsi likewise showed no intraspecific differences, even among sites. Both gene sequences were identical in the landlocked sea lamprey of the current study and the anadromous sea lamprey from . Intraspecific sequence differences were noted, however, in two species: L. aepyptera (cytochrome b) and L. similis (both genes) (Table 3) . Lampetra similis from the Merced River in California varied consistently from the Oregon specimens by a total of two or three nucleotides, but the differences among the Oregon specimens (one or two nucleotides) were not population specific. All intraspecific nucleotide substitutions were thirdposition transitions.
Within the Lampetra genus, interspecific sequence variation ranged from 0 to 9.1% in cytochrome b and from 0 to 12.5% in ND3 (Table 3) . In both genes, there were no differences between L. ayresii and L. richardsoni and among L. tridentata, L. macrostoma, L. lethophaga, and L. similis from California. The greatest differences were observed between a haplotype of L. similis and L. appendix (cytochrome b) and L. similis and L. hubbsi (ND3). Comparisons between the Lampetra species and P. marinus showed variation between genera to range from 13.0 to 14.3% in cytochrome b and from 16.0 to 17.4% in ND3.
The cytochrome b and ND3 nucleotide sequences were used to estimate the phylogeny of the 11 Lampetra species using sea lamprey as an outgroup. Since the tree topologies obtained from each gene separately or together and those by the NJ or maximum parsimony method were almost consensus, just the phylogenetic analysis of the NJ method using the combined data is shown (Fig. 1) . Only the topology of the NJ tree using the ND3 data differed slightly from Fig. 1 (Tagliavini et al. 1994) . Cytochrome b sequence in L. planeri was identical to that of L. fluviatilis from Germany and the three European species grouped together; L. zanandreai did not form a clade with the other Lethenteron species. Lampetra aepyptera clustered with the three European species but with a lower bootstrap confidence limit (57%) than it did with L. fluviatilis in Fig. 1 .
Patterns of variation in cytochrome b and ND3
Overall nucleotide sequence variation among lamprey species was, on average, 1.35 times greater in the ND3 gene than in the cytochrome b gene (Table 3) . In both genes, third-position substitutions were more common than variations at first-and second-codon positions, and transition substitutions outnumbered transversions. The fraction of substitutions observed in first-, second-, and third-position sites was 13.8, 2.6, and 83.4%, respectively, in cytochrome b and 20.8, 5.2, and 74.1%, respectively, in ND3. In cytochrome b, transitions accounted for 85.2% of all substitutions but only 77.1% of substitutions in ND3. Accordingly, the frequency of nonsilent nucleotide substitutions was two to three times higher in ND3 than in cytochrome b, and amino acid substitutions averaged 5.1% in ND3 but only 2.0% in cytochrome b. However, whereas the frequency of nonsilent substitutions for a given genetic distance was relatively constant among species pairs in ND3, this value was not uniform in cytochrome b (Fig. 2) . For example, despite a genetic distance between L. ayresii and L. tridentata nucleotide sequences of 0.079, there were no amino acid differences. Similarly, there were only two amino acid differences between either L. ayresii or L. tridentata and P. marinus. In contrast, all pairwise comparisons with the relict nonparasitic species (L. aepyptera or L. hubbsi) showed comparatively high rates of nonsilent substitutions, and intermediate rates were observed in pairwise comparisons with L. appendix (Fig. 2) .
Discussion
Relict species and subgenera
Analysis of partial mitochrondrial DNA sequence permitted resolution of a number of questions concerning the phylogeny of the lamprey genus Lampetra. One of the clearest and most notable findings was that L. hubbsi, assigned to the genus Entosphenus by Vladykov and Kott (1976a) based largely on adult dentition (Table 1) Lampetra similis 1-7 were collected in Oregon; sample sizes and collection sites are given in Table 2 . (Vladykov 1955) . As was suggested by Vladykov and Kott (1979a) , it appears that L. zanandreai descended from an L. fluviatilis-type ancestor, even though it is no longer sympatric with the present-day L. fluviatilis (Bianco 1986) . Lampetra (L.) aepyptera likewise is no longer sympatric with any likely parasitic ancestor, and its phylogenetic position within the Lampetra genus has been the subject of considerable debate. Its morphological characteristics "are so poorly developed that they render its position and generic placement difficult and somewhat dubious" (Hubbs and Potter 1971) , and at one time, it was placed in the "provisional and noncommittal" genus Okkelbergia (Hubbs and Potter 1971) . Vladykov and Kott (1976b) , however, concluded that this species displays no characteristics not found in Lampetra, and descent from either an L. ayresii-type ancestor (Vladykov and Kott 1979a) or an L. (Le.) japonica-type ancestor (Bailey 1980; Potter 1980 ) has been suggested, since both occur in North America. The mitochondrial DNA data are consistent with its present placement in the Lampetra subgenus as a nonparasitic species of considerable antiquity (Potter 1980 ) but suggest descent from an L. (L.) fluviatilis-type ancestor rather than from either North American species.
In addition to resolving these relationships within each of the Lampetra subgenera, the current molecular study has resolved some of the relationships among the subgenera. Potter (1980) grouped Entosphenus, Lethenteron, and Lampetra within a single genus largely due to the intergradation of characteristics found in L. hubbsi. Its bicuspid supraoral lamina and few velar tentacles are typical of Lampetra and Lethenteron, but its posterial circumorals and other features of its dentition (Table 1 ) resulted in its placement in Entosphenus (Vladykov and Kott 1976a) . If L. hubbsi is removed from the Entosphenus taxon because of its closer genetic similarity to L. (L.) ayresii, however, the molecular data support the previous classifications which have held Entosphenus distinct from Lampetra and Lethenteron.
In contrast, the Lampetra and Lethenteron subgenera were not clearly delineated. Rather, the species assigned to these two taxa fell into three general groups and there was considerable overlap between the putative subgenera. The three groups were (i) the westcoast North American Lampetra species (including L. (E.) hubbsi), (ii) Atlantic Lampetra species from both North America and Europe and L. (Le.) zanandreai, and (iii) the two other Lethenteron species examined in the current study. It was surprising that the North American and European species of the Lampetra subgenus had little more genetic affinity with one another than either did with the other subgenera, since L. ayresii and L. richardsoni, respectively, were once considered North American races of L. fluviatilis and L. planeri (Hubbs and Fig. 1 . Neighbour-joining analysis comparing species of the genus Lampetra using 735 bp of cytochrome b and ND3 sequence; P. marinus is the outgroup. Numbers at nodes indicate bootstrap confidence levels; life history type is indicated: P, parasitic; NP, nonparasitic; A, anadromous; FW, freshwater. Collection data are provided in Table 2 ; locations in which more than one site was sampled are indicated by an asterisk. 
